Introduction
Splitting water into hydrogen and oxygen is recognized as a viable approach to enable storage of renewable energy in the form of fuels. However, there are currently several issues hampering the development and implementation of this technology, one of which is the high cost associated with the use of noble-metal-based electrocatalysts [1] [2] [3] [4] . In the last few decades much research has been dedicated to the synthesis of cost-effective electrocatalysts using cheaper transition metals [5] . In this regard, cobalt-based electrocatalysts currently show the most promising results [6] . In 2008 Kanan and Nocera [7] reported the preparation of a cobalt-phosphate-based electrocatalyst with good performance towards the oxygen evolution reaction (OER). Subsequently research on cobalt phosphate has been expanding by addressing the specific reaction mechanism for OER, the change in activity as a function of pH and for different buffer systems, and tuning properties in terms of coordination and crystal structure [6, [8] [9] [10] [11] [12] [13] .
So far, the preparation of cobalt-phosphate-based electrocatalysts has been largely limited to (photo)electrodeposition in solution, implying that the control of the thickness is strongly related to the control of the current applied in the preparation of the electrocatalyst, and the composition is influenced by precursors, electrolytes and pH [14, 15] . A higher level of control over material composition is expected to be achieved using atomic layer deposition (ALD), a thin film deposition technique based on the sequential dosing of gas phase reactants [16] . Because of its self-limiting growth behavior, ALD is characterized by thickness control at the atomic scale and excellent uniformity of the materials deposited [16] [17] [18] [19] [20] [21] . Moreover, ALD generally allows the chemical composition of a material to be tuned by changing the ratio between the different dosing steps [22, 23] .
In the present work we use ALD to prepare cobalt phosphate thin films serving as electrocatalysts for OER. Three different types of samples have been prepared by ALD: one for cobalt oxide, one stoichiometric cobalt phosphate and one cobalt phosphate with a higher Co-to-P ratio. This approach makes it possible to explore the activity of the electrocatalyst as function of the stoichiometry.
Experimental
Cobalt phosphate and cobalt oxide thin films were deposited using a home-built ALD reactor described in detail elsewhere [24, 25] . The reactor was equipped with a remote inductively coupled plasma generator (13. Fig. 1 ): one for cobalt oxide (CoO x ), one for stoichiometric cobalt phosphate (CoPi) and one, given by the combination of the previous two, for cobalt phosphate with a higher Co-to-P ratio (CoPi Co-rich ). The dosing times and the ALD recipes used are reported in Fig. 1 . A proper purge time has been used after each step (e.g. 7 s after oxygen plasma, 6 s after Co dosing and 2 s after TMP dosing). The detailed process characteristics (saturation curves, reaction mechanism, uniformity, etc.) will be reported in a separate publication. Since cobalt is the reactive center providing electrocatalytic activity [8] , the current measured in the OER depends on the number of cobalt atoms participating in the reactions. Moreover, the activity towards OER depends on the volume of cobalt phosphate, as reported in the literature [9] . For this reason, in order to study the activity as a function of the stoichiometric composition while minimizing the difference in activity due to the total amount of cobalt, we designed the ALD recipes using the same number of cobalt dosing steps (600 in total, see Fig. 1 , right) for each sample, in order to keep the number of cobalt atoms approximately the same.
In situ spectroscopic ellipsometry (SE, Woollam M-2000) has been used to determine the thickness and refractive index of the layers when deposited on Si(100) single crystal. The Cauchy dispersion formula, which was found to be valid for cobalt phosphate, has been adopted to fit the experimental data. Rutherford backscattering spectrometry (RBS) has been performed for CoPi, CoPi Co-rich and CoO x and elastic recoil detection (ERD) for the quantification of hydrogen for CoPi and CoPi Co-rich . XPS was performed using the Thermo Scientific K-Alpha system, equipped with a monochromatic Al K α x-ray source and the samples were analyzed as deposited.
The electrocatalytic activity of the layers towards OER were evaluated through cyclic voltammetry (CV), using a CompactStat-Ivium electrochemical workstation in a three-electrode configuration. Fluorine-doped tin oxide (FTO) on glass was used as a benchmark and as substrate for ALD of the electrocatalyst, which was used as a working anode with an area of 2 cm 2 immersed in the solution. A Pt mesh was the counter electrode and Ag/AgCl the reference electrode. A solution 0.1 M of KPi buffer (pH = 8) was used as the electrolyte for the CV measurements with a scan rate of 10 mV·s −1 . Impedance spectroscopy has been used to determine the cell resistance (~58 Ω) and 80% iR correction has been applied for the CV results. The potential measured is converted to reversible hydrogen electrode (RHE) using the formula: V RHE = V Ag/AgCl + 0.1976 V + 0.059 × pH V.
Results and discussion
Ellipsometric characterization of the processes used for the preparation of the three samples show a growth per cycle constant within the experimental error. The final thickness, reported in Table 1 , is determined by fitting the ellipsometric data using a Cauchy dispersion formula for CoPi and CoPi Co-rich and an optical model employing a Gauss, a Tauc-Lorentz, and one Lorentz oscillator for CoO x , as reported by Donders et al. [28] , in the spectral range between 1.38 eV and 4.13 eV.
The three samples under study have been prepared by minimizing differences in the total areal density of Co (see Table 1 ) as determined by RBS. Table 1 also shows that the CoPi layer has a mass density comparable to bulk cobalt phosphate (3.8 g/cm 3 [26] ) and a stoichiometry of Co 3.2 P 2 O 9 which is very close to the theoretical Co 3 P 2 O 8 . The Co-to-P ratio of CoPi is found to be lower than that reported for electrocatalysts prepared by electrodeposition, generally exhibiting a Co-to-P ratio between 2 and 3 [7, 9, 15] . The sample CoPi Co-rich has a Co-to-P ratio higher than CoPi (1.9 vs. 1.6, respectively), as well as a higher mass density than CoPi (4.1 vs. 3.8 g/cm 3 ). The oxidation state of Co and P for all layers is investigated by XPS (Fig. 2a-c [27] . This agrees with what has been reported by Donders et al. [28] for CoO x also prepared by ALD. The binding energy of the P2p peak (~133 eV) confirms that P is present in the oxidation state of a phosphate in both CoPi and CoPi Co-rich [29] . Moreover, the positions of the main peak and the satellite peak of the Co2p 3/2 signal are consistent with the peak positions reported in literature for cobalt phosphate [30, 31] , confirming the presence of cobalt phosphate in both CoPi and CoPi Co-rich . No carbon has been detected considering the sensitivity threshold of 4 atomic %.
Hydrogen detected from ERD is below 2 atomic % for both CoPi and CoPi Co-rich samples.
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X-ray diffraction analysis of the three layers did not provide any evidence of crystallinity in the samples. This is not unexpected, considering the literature on ALD of other metal phosphates, like iron phosphate [23] , aluminum phosphate and titanium phosphate [32] , which are not crystalline as deposited. Moreover, even electrodeposited cobalt-phosphate-based layers reported by Kanan and Nocera [7] and by Klingan et al. [9] turn out to be amorphous. The activity of the samples towards OER has been studied by CV (Fig. 3a) . As expected, FTO has very poor activity towards OER, therefore it was selected as a substrate to test the ALD layers. By contrast, both CoPi and CoPi Co-rich show a high non-catalytic wave before the onset potential (< 1.6 V vs. RHE), which can be attributed to the oxidation of Co +2 [9, 33] . The inset of Fig. 3a shows that CoO x is also characterized by this feature, although at lower intensity than CoPi. The difference in intensity can be 
explained in terms of the mixed oxidation state of cobalt in CoO x , leading to approximately only 1/3 of the metallic centers undergoing oxidation. Furthermore, since the activity of cobalt phosphate also involves the bulk of the material, while this behavior is not reported in the literature for cobalt oxide, we can expect that only the surface of CoO x will react and will be oxidized/reduced during the CV scan, while for CoPi the oxidation will involve a much larger number of cobalt centers [8, 9] . This hypothesis is confirmed by the behavior of the CoPi Co-rich film, which presents a higher areal density of cobalt than CoPi (137 SEM top-view and cross-section analysis have been performed to exclude the influence of surface roughness on the activity. From SEM analysis, both CoPi and CoPi Co-rich samples are smooth and compact and no crystallites are visible. Therefore the activity towards OER of the three electrocatalysts can essentially be explained by considering the oxidation state of cobalt, the bulk reactivity and the different stoichiometry. The current density measured for CoPi at 1.8 V vs. RHE is 1.77 mA•cm −2 , while CoO x reaches a current density 28% lower than CoPi at the same potential. Considering that both samples have a comparable areal density of cobalt, CoPi turns out to be more efficient because bulk cobalt centers are also electro-active. The sample CoPi Corich has the best performance with a current density of 2.89 mA•cm −2 at 1.8 V vs. RHE, which is 63% higher than CoPi. In view of the previous considerations, we attribute this improvement to the stoichiometry of this material. In the work of Surendranath et al. [8] , higher current density at a lower potential is reached for a 40 nm thick electrocatalyst, in which the Co-to-P ratio is expected to be between 2 and 3, according to the deposition conditions they used [7, 15] . Therefore the enhancement of the activity towards OER observed when the Co-to-P ratio increases from 1.6 (CoPi) to 1.9 (CoPi Co-rich ) is in line with the observation in literature, regardless of the difference in preparation method.
To better compare our results with those in the literature, it is important to consider the number of CV scans and range of scanning potential in view of their influence on the results. As reported by Gonzalez-Flores et al. [34] , the current density generally increases with the number of CV scans for cobalt-phosphate-based electrocatalysts. Therefore, we have selected the work of Klingan et al. [9] , which reports the same number of CV scans (200) and potential range used in our study. Fig. 3b shows a comparison, in terms of current density values for OER at 1.8 V vs. RHE, between ALD-prepared samples and the electrodeposited samples reported in [9] . The ALD CoPi Co-rich sample exhibits superior OER even when compared with thicker electro-deposited layers. Therefore, the ALD CoPi-based layers are interesting candidates for use in water splitting. The difference between the activities reported in [9] and this work may be due to the difference in material quality, specifically the presence of impurities. The electrodeposited cobalt-based electrocatalyst is reported to include impurities such as potassium, which has no role in the catalysis, in a 1:1 ratio with phosphorus [7, 15] , whereas ALD-prepared samples definitely show a negligible concentration of the most common impurities expected (mainly carbon and hydrogen in this case) from the ALD process.
Conclusion
In this contribution we study the electrocatalytic activity towards OER of ALD-prepared cobalt phosphate thin films. The ALD approach allows us to tune the Co-to-P atomic ratio, which strongly affects the activity of the prepared electrocatalysts. The current density value increases from 1.77 mA/cm 2 at 1.8 V vs. RHE to 2.89 mA/cm 2 at 1.8 V vs.
RHE concurrently with a Co-to-P ratio increase from 1.6 to 1.9. The results highlight the role that stoichiometric composition of cobalt phosphate has on its activity, suggesting that tuning the Co-to-P ratio can be used as new approach to optimize the electrocatalyst for OER.
